Recombinant human ZP3 (rhuZP3) generated by Chinese hamster ovary cells transfected with a plasmid containing human ZP3 cDNA was used to study the acrosome reaction (AR) and intracellular calcium fluxes in capacitated human spermatozoa. Conditioned medium containing rhuZP3 significantly induced the AR [P =£0.005) in 59.4 ± 4.7% of spermatozoa (control = 8.5 ± 3.1%) and caused complete acrosomal loss in a further 17.2 ± 3.8% of cells (control = 3.7 ± 0.7%; mean ± SEM, n = 5). Sperm motility was not affected and acrosomal exocytosis in response to rhuZP3 was also shown to be time-dependent. Basal concentrations of sperm intracellular calcium were measured (82 ± 7 nM; mean ± SEM, n = 9). A transient increase in intracellular calcium (typically up to 400-450 nM) occurred within 1 min of rhuZP3 addition and was followed by sustained lower values of calcium (200-400 nM). These responses were dependent on the amount of rhuZP3. This is the first report of zona protein-induced changes in intracellular calcium levels in human spermatozoa. The results support the premise that ZP3 is an agonist of the human sperm AR and that rhuZP3 generated in a eukaryotic cell is effective in this respect.
Introduction
During fertilization in mammals, zona pellucida glycoprotein 3 (ZP3) is thought to be the primary zona protein involved in initial sperm-egg recognition and may mediate induction of the acrosome reaction (AR) for the fertilizing spermatozoon (Bleil and Wassarman, 1980; Wassarman, 1990; Wassarman, 1992; Ward and Kopf, 1993; Wassarman, 1995) . In this respect the human zona (both intact and acid-solubilized) is a potent inducer of the AR (Cross et ai, 1988; Coddington et ai, 1990; Mahony et ai, 1991; Lee et ai, 1992; Hoshi et ai, 1993; Tesarik et ai, 1993; Bielfeld et ai, 1994a,b; Liu and Baker, 1994; Morales et ai, 1994; Liu and Baker, 1996) . Although zona proteins are believed to be the main physiological inducer of the AR other agonists have been shown to cause acrosomal exocytosis in human spermatozoa (Zaneveld et ai, 1991; Brucker and Lipford, 1995) . These include the non-physiological ionophore A23187 (Aitken etai, 1984; Byrd and Wolf, 1986 ), a Ca 2+ -dependent sialic acid-binding protein (Banerjee and Chowdhury, 1995) and progesterone which, in vivo, might be derived from either the cumulus matrix surrounding the egg or follicular fluid (Osman et ai, 1989; Blackmore et ai, 1990) . Follicular fluid itself has also been shown to cause the AR and the active component has been identified as proteinbound progesterone (Suarez et ai, 1986; Thomas and Meizel, 1989) .
The influx of extracellular calcium into the sperm cytosol is recognized as an obligatory early event in the mammalian sperm AR (Florman, 1994; Yanagimachi, 1994) . Following the first successful measurement of intracellular calcium con-© European Society for Human Reproduction and Embryology centrations ([Ca 2+ ],) in human spermatozoa (Irvine and Aitken; , Thomas and Meizel (1988) were the first to demonstrate that a potentially physiological stimulus (human follicular fluid) could cause an increase in [Ca 2+ ]i and that this increase was responsible for initiating the AR. Progesterone and 17a-hydroxyprogesterone (but not other steroids) have also been shown to stimulate an increase in free [Ca 2+ ]; in populations of both capacitated and uncapacitated human spermatozoa and the majority of individual spermatozoa from fertile donors have been shown to be able to respond to progesterone (Blackmore et ai, 1990; Plant et ai, 1995) . By comparison there is no published information regarding the effect of human zona proteins on the [Ca 2+ ]j in human spermatozoa. The lack of information regarding the zona-induced AR in human spermatozoa is largely due to the paucity of human zonae available for experimental research. Following the original elucidation of the cDNA sequence of the human ZP3 gene (Chamberlin and Dean, 1990) biologically active recombinant human ZP3 (rhuZP3) has been recently expressed in Chinese hamster ovary (CHO) cells (van Duin et ai, 1994; Barratt and Hornby, 1995) . We have used rhuZP3 to investigate changes in the AR and [Ca 2+ ]j involved in the initial interactions between human capacitated spermatozoa and ZP3.
Scotland. Fetal calf serum was from Advanced Protein Products, Brierley Hill, West Midlands, UK. Fura 2/acetoxymethyl ester (Fura-2/ AM) was from Calbiochem-Novabiochem (UK) Ltd., Nottingham, UK. Unless otherwise stated all chemicals and reagents used were from the Sigma Chemical Company, Dorset, UK.
Recombinant human ZP3
CHO cells transfected with a plasmid (pHZP3NE01) containing the human ZP3 cDNA were cultured in Glasgow MEM (BHK 21 with L-glutamine (292 mg/1) and without tryptose phosphate broth), supplemented with penicillin/streptomycin (4X10 5 and 2X10 5 IU/1, respectively) and fetal calf serum [10% (v/v)] at 37°C in 5% CO 2 in air for 5-7 days. Conditioned medium aspirated from these cells after 24-48 h incubation was subjected to low-speed centrifugation to remove any debris and then assayed for the presence of ZP3 by Western blotting techniques using anti-porcine ZP3 antibodies (see Barratt and Hornby, 1995) . Cell lines expressing the highest concentrations of rhuZP3 as determined by Western blotting analysis were cultured further to generate conditioned media containing rhuZP3 (rhuZP3-containiftg media) for use in the experiments to study the induction of AR and [Ca 2+ ] ; . Conditioned control media (rhuZP3-free) were generated from cells transfected with vector alone (therefore not expressing rhuZP3). For the [Ca 2+ ]i experiments the media (both control media and rhuZP3-containing) were concentrated 20-fold (20X) in Amicon Centricon-10 concentrators (Amicon, Beverley, MA, USA) as instructed by the manufacturers.
Preparation of spermatozoa
Freshly ejaculated semen was obtained from proven fertile donors by masturbation after a period of 48-72 h sexual abstinence and was allowed to liquefy for at least 30 min at 37°C. All donors were appropriately screened and shown to be free from sexually transmitted diseases including human immunodeficiency virus (HIV) (Barratt et al., 1990) . Following liquefaction the sperm motion characteristics were assessed as described previously (Barratt et al., 1993; Zhu et al, 1994a,b) using a Hamilton Thorn Research Motility Analyser (HTM Model 2030; Hamilton Thorn Research, Danvers, MA, USA). Semen used was selected from donors with the following characteristics: sperm concentration 3= 80xi0 6 /ml, morphologically normal s= 60%, sperm motility 3= 65% (> 10 |im/s). Spermatozoa were prepared using a direct swim-up technique and incubated under capacitating conditions. Aliquots (0.5 ml) of liquefied semen were gently overlaid with MEM (with Earle's salts without L-glutamine; 0.5 ml) containing 3.5% (w/v) human serum albumin (HSA) and left for 1 h at 37°C in 5% CO 2 in air. The upper fraction (0.35 ml) of the MEM overlay was carefully removed by aspiration and the motile sperm concentration determined using a Neubauer haemocytometer. The spermatozoa were then washed by centrifugation at 500 g for 10 min and the pellet resuspended in MEM containing 3.5% (w/v) HSA so that the final sperm concentration was ~4X 10 6 /ml. Sperm samples (400 (il aliquots) were incubated in 1 ml polypropylene conical tubes for 3 h at 37°C in 5% CO2 in air before use.
Induction of the acrosome reaction with rhuZP3
Capacitated spermatozoa (2.7X10 6 /ml: prepared as described above) were incubated for 30 min at 37°C in 200 \i\ of conditioned medium (control or rhuZP3-containing as described previously) in triplicate and then centrifuged at 500 g for 5 min. The sperm pellet was resuspended in MEM (100 \x\) without albumin and duplicate sperm smears made on pre-cleaned microscope slides and air-dried. The motility of the sperm samples was determined by computer-assisted sperm analysis before and after incubation with the conditioned medium. To further investigate the time course of the ZP3-induced AR, capacitated spermatozoa were incubated in rhuZP3-containing media for different times (5, 15 and 30 min), centrifuged, resuspended in MEM and smeared on microscope slides as described above.
The acrosomal status of the spermatozoa was evaluated using an indirect immunofluorescence technique with a monoclonal antibody (designated mAb 18.6) as described previously (Moore et al., 1987a) . MAb 18.6 recognizes a sperm epitope localized in human spermatozoa to the inner face of the outer acrosomal membrane and within the acrosomal content. Methanol-fixed human spermatozoa displaying even fluorescence over the acrosome region were scored as having an intact acrosome. Those spermatozoa displaying spotty fluorescence were classified as acrosome-reacted while spermatozoa exhibiting very faint fluorescence over the anterior acrosome were scored as having lost their acrosomes (Moore et al., 1987a) . Two slides were examined for each aliquot (triplicates) with 200 spermatozoa on each slide being assessed for an AR.
Measurement of intracellular calcium in spermatozoa
Capacitated spermatozoa (5X10 6 per sample) were centrifuged at 500 g for 5 min. The sperm pellet was resuspended in a balanced salt solution (BSS; 1 ml) containing 10 mM HEPES, 135 mM NaCl, 4.5 mM KC1, 0.5 mM MgCl 2 , 5.6 mM D-glucose, 1.5 mM CaCl 2 , pH 7.4 routinely used for calcium measurements in other cell systems (Ye et al., 1991) . Each sperm sample in BSS was loaded with fura-2/AM (4 uM) and incubated in the dark for 15 min at 37°C in 5% CO 2 in air. The sperm sample was centrifuged at 500 g for 10 min and the pellet then washed in 3 ml of BSS followed by centrifugation (total of two washes). The sperm pellet was finally resuspended in 3 ml BSS (3 ml) before analysis.
The sample was transferred to a quartz cuvette (1 cm width) together with a small magnetic stirrer and the cuvette placed in a Kontron SFM-25 spectrofluorimeter (Kontron Instruments Ltd., Herts, UK). The sample was stirred gently, kept at 37°C and subjected to an excitation wavelength of 335 nm and an emission wavelength of 490 nm (Dr. S. MacNeil, personal communication). The spermatozoa were allowed to equilibrate with the conditions in the spectrofluorimeter (3 min) and two aliquots of BSS (30 (il each) were then added to the sample over a 3 min period to ensure that there was no artefactual response. After the sperm sample had equilibrated, a control consisting of 20X concentrated rhuZP3-free medium (either 2, 4, or 10 nl) was added and a fluorescent base line was established for 4 min. The effect of a single dose of rhuZP3 on [Ca 2+ ]j was then studied by the addition of 20 X concentrated rhuZP3-containing medium (same volume added as the control). The transient (0-1 min) and sustained (1-10 min) change in fluorescence was monitored before calibration using ionomycin (20 |oM) followed by MnCl 2 (2 mM). The experiments were performed in triplicate for each of the volumes of media added using ejaculates from different donors.
Changes in the concentration of intracellular calcium ([Ca 2+ ]j) were calculated as described previously (Grynkiewicz et al., 1985; Cobbold and Rink, 1987; Thomas and Meizel, 1988; Ye et al., 1991) and using the following equation:
where the dissociation constant (K<j) is 135 nM at 37°C for fura-2, F is the observed fluorescence, F mM is the maximum fluorescence obtained after exposing the cells to 20 |iM ionomycin and F min is the minimum fluorescence of free dye. F m ; n was calculated by determining fluorescence quenched in the presence of manganese (2 mM MnCl 2 = F Ma ) and then using the formula: For each donor the experiment was performed in triplicate using a single semen sample both in the presence and absence of rhuZP3. Each of the triplicate samples was assayed in duplicate on microscope slides for the status of the acrosome (200 spermatozoa on each slide were assessed). Values presented for each donor are means of these determinations. These means have been pooled and are expressed as overall mean ± SEM (« = 5).
Results

Induction of acrosome reaction with rhuZP3
The AR was induced in a high proportion of 'swim-up' capacitated spermatozoa incubated for 30 min with rhuZP3-containing medium (Table I ). The mean proportion of spermatozoa undergoing the AR after incubation with rhuZP3-containing medium was 59.4 ± 4.7% with a further 17.2 ± 3.8% of spermatozoa having completely lost their acrosomes (mean ± SEM, SEM, n = 5 using different donors). By comparison, incubation with rhuZP3-free medium resulted in 8.5 ± 1.4% of spermatozoa displaying reacted acrosomes and a further 3.7 ± 0.7% having lost their acrosomes. These differences were statistically significant (P =£0.005, Student's paired /-test) for both the acrosome-reacted and the acrosome-lost spermatozoa. Following incubation in conditioned medium there was no significant decline in the proportion of motile spermatozoa (78 ± 8%, n = 30; mean ± SEM) compared with the preincubation values (85 ± 6%, n = 30) as assessed by computerassisted sperm analysis indicating that a similar proportion of spermatozoa were still alive.
The effects of incubation of capacitated spermatozoa in rhuZP3-containing media for different times (5, 15 and 30 min) are shown in Table II . After 15 and 30 min incubation, the percentage of spermatozoa undergoing AR (52.3 ± 4.4 and 62.1 ± 3.6 respectively) were significantly greater (P « 0.005) than the percentage of spermatozoa undergoing AR at 5 min (18.4 ± 1.4). In contrast there was no difference between 15 and 30 min incubation.
The effects of rhuZP3 on sperm intracellular calcium concentration
Intracellular calcium concentration ([Ca 2+ ]j) in spermatozoa was determined using spectrofluorimetry and Figure 1 For each donor the experiment was performed in triplicate for each incubation time. Each of the triplicate samples was assayed in duplicate on microscope slides for the proportion of acrosome-reacted cells (200 spermatozoa on each slide were assessed). Values presented for each donor are means of these determinations. These means have been pooled and are expressed as overall mean ± SEM (« = 5). 450 nM after 30 s. By 1 min after rhuZP3 addition the [Ca 2+ ]i had equilibrated at a sustained value of ~300-325 nM.
In all of the experiments performed there was no change in [Ca 2+ ]j following the addition of the control. All experiments responded similarly, response was observed following the addition of rhuZP3-containing media with a transient peak in the [Ca 2+ ]j followed by a lower sustained value of calcium that was always higher than the basal value (the data obtained, including that from Figure 1 , is summarized in Table III ). The overall basal value for [Ca 2+ ]j before the addition of any concentrated conditioned media was 82 ± 7 nM (mean ± SEM, n = 9). The increase in the transient and sustained [Ca 2+ ]j in spermatozoa in response to the concentrated rhuZP3-containing media appeared to be dependent on the amount of rhuZP3 added. Whereas the addition of 4 or 10 jxl of concentrated rhuZP3-containing media appeared to cause maximal changes in these values, the addition of only 2 |il of concen- ];) using spectrofluorimetry. After the Fura 2/acetoxymethyl ester (fura-2/AM)-loaded sperm sample had equilibrated a 'control' (in this case 10 jul of concentrated recombinant human ZP3-free medium) was added. After 4 min an aliquot (10 (il) of concentrated recombinant human ZP3-containing medium was added and the response monitored. concentrated rhuZP3-containing medium was monitored for 10 min before the calibration procedure was performed. However in three experiments this sustained value was shown to be maintained for 20 min before calibration. During these three experiments an aliquot of the sample was removed immediately before the concentrated rhuZP3-containing medium was added and also just before calibration (20 (II each time). The proportion of acrosome-reacted spermatozoa was then assessed as previously described. This was done twice in an experiment where 10 JLXI of concentrated rhuZP3-containing medium was added and the mean proportions of acrosomereacted spermatozoa were found to be 11 and 56%, before and after rhuZP3 incubation respectively. On one occasion it was performed when 2 |il of rhuZP3-containing medium was added and the mean proportions of acrosome-reacted spermatozoa were 9% and 38%, before and after rhuZP3 incubation respectively.
The addition of the control (concentrated rhuZP3-free medium) before the concentrated rhuZP3-containing medium did not affect the [Ca 2+ ]j in any of the experiments performed. The response to the rhuZP3 preparation was shown to be neither a delayed response to the control nor an additive response to the control plus the rhuZP3-containing preparation by performing the following two experiments (each in duplicate). Firstly, 10 ^1 of concentrated rhuZP3-free medium was added as the control and then, instead of 10 (il of concentrated rhuZP3-containing medium, another 10 (j.1 of this control was added. In the second experiment no control was added and 10 (0. 1 of concentrated rhuZP3-containing medium was added at the usual time. In the first experiment no change in [Ca 2+ ]j was noted throughout the experiment whereas, in the second experiment, a transient and sustained response similar to the results presented in Table III for 10 nl concentrated rhuZP3-containing medium was observed.
Discussion
Previous studies have shown that the zona pellucida (intact or solubilized) is an effective inducer of the AR in human spermatozoa (Cross et al, 1988; Coddington et al, 1990; Mahony et al., 1991; Lee et al, 1992; Hoshi et al, 1993; Tesarik et al, 1993; Bielfeld et al, 1994a,b; Liu and Baker, 1994; Morales et al, 1994; Liu and Baker, 1996) . However progress in elucidating the precise molecular mechanisms involved in human gamete interactions has been greatly hampered by the paucity of oocytes available for research.
A possible means of circumventing this problem is to generate human zona proteins using recombinant genetic techniques and recently it has been reported that recombinant human ZP3 protein (rhuZP3) can be expressed in mammalian (CHO) cells (van Duin et al, 1994; Barratt and Hornby, 1995) . The present study has clearly shown that conditioned medium from such transfected cells is a potent inducer of the AR indicating that the expressed rhuZP3 probably functions in a similar manner to that observed with solubilized human zona pellucida.
Indeed the proportion of capacitated 'swim-up' spermatozoa undergoing the AR was consistently high (Table I and II) and comparable with the highest estimates of the proportion of spermatozoa undergoing the AR at the zona surface (Cross et al, 1988; Coddington et al, 1990; Liu and Baker, 1994; Morales et al, 1994) or with acid-solubilized zonae (Lee et al., 1992; Bielfeld et al, 1994a,b) and considerably greater than reported by Van Duin et al. (1994) for affinity-purified rhuZP3 incubated with human spermatozoa. Since different methodologies were used to capacitate spermatozoa and induce the AR, and a number of different assays were used to measure the AR, it is difficult to make direct comparisons between the various studies. The antibody method employed in this study gives a slightly higher background level of acrosome-reacted spermatozoa than some other methods and, in addition, donors were selected on the basis of giving a good response to ionophore induction of the AR. Nevertheless the results suggest most spermatozoa in a prepared 'swim-up' sample will respond to biologically active rhuZP3 rather than there being a smaller subpopulation of responsive cells.
Time course experiments with intact human zonae have shown that the maximal proportion of spermatozoa undergoing an AR on the zona surface is reached by 1 h (Cross et al., 1988; Morales et al., 1994) and that a significant proportion (~85%) of these reactions are initiated by 15 min (Morales et al., 1994) . The time course for the AR in response to rhuZP3 was therefore comparable with these findings as an incubation as short as 15 min was sufficient to induce the AR maximally and even 5 min exposure to the agonist produced a definite response (Table II) .
A rise in intracellular calcium concentration ([Ca 2+ ]j) is considered an early obligatory event in the induction of the AR in mammalian spermatozoa (Florman, 1994; Yanagimachi, 1994) . The rise in [Ca 2+ ]j observed on the addition of rhuZP3 (Figure 1 ; Table III ) is, to our knowledge, the first time concentrations of intracellular calcium in human spermatozoa have been reported to respond to a zona protein product. Concentrated conditioned media were used for these experiments in order to reduce the volumes of media added to the samples. This was because high volumes of medium (>50 |il) added to the cuvette during an experiment were found to affect the fluorescence intensity. This was thought to be due to the phenol red present in the medium interfering with the fluorescent signal (Thomas and Delaville, 1991) .
A typical result for an [Ca 2+ ]| experiment is shown in Figure  1 and used 10 (il of the concentrated rhuZP3-containing medium. This volume was equivalent to 200 .(il of nonconcentrated rhuZP3-containing media used in the experiments to induce the AR (Tables I and II) . In two experiments an average of 56% of spermatozoa had undergone the AR. This value was comparable to the 15 min exposure to rhuZP3-containing medium (Table II) . Furthermore, adding 2 u.1 of concentrated rhuZP3-containing medium resulted in 38% of spermatozoa undergoing the acrosome reaction. Hence there was a suggestion of a concentration-dependent effect of rhuZP3 on the AR. This was also displayed in the results for [Ca 2+ ]j presented in Table III for both the transient calcium rise and also the sustained values of calcium.
The basal values of free cytosolic calcium measured (70-95 nM) were broadly in agreement with Blackmore et al. (1990) . In that study, progesterone and follicular fluid both caused transient rises in [Ca 2+ ]j (to 400-500 nM and 175-200 nM, respectively) which was not sustained. Interestingly, the addition of concentrated rhuZP3-containing media (4 or 10 (il) to human spermatozoa was shown to first evoke a transient rise in [Ca 2+ ]j to similar values and within a similar time scale as that reported for progesterone (Blackmore et al., 1990) . In contrast to this study we always observed a sustained rise in [Ca 2+ ]j with the rhuZP3 preparations. This is consistent with other studies using bovine and murine spermatozoa where in response to zonae a transient peak in [Ca 2+ ]; in the sperm head is followed by sustained [Ca 2+ ]j elevations throughout the cell (Storey et al., 1992; Florman, 1994; Bailey and Storey, 1994) .
Whereas the initial rapid rise in [Ca 2+ ]j appeared to be concomitant with the initiation of the AR, it is unclear at present whether the subsequent sustained calcium values represented a true physiological response of spermatozoa. Calcium is important for regulation of motility and spermegg fusion and therefore may be sequestered in the cell after the AR (Yanagimachi, 1994) . However, it is possible that if sufficient intracellular fura-2 not bound to calcium was released after the AR its contact with the experimental buffer might invoke a measurable response. In this respect, it will be important to undertake single cell imaging of intracellular calcium changes in human spermatozoa in response to rhuZP3 to determine exactly where in the cell the calcium is sequestered.
The signal transduction mechanisms that mediate zona induction of the [Ca 2+ ]i increase and the AR in mammalian spermatozoa have yet to be properly elucidated. Having said that, they almost certainly involve the phosphorylation of a membrane tyrosine kinase (Leyton and Saling, 1989) . A 95 kDa membrane protein on human spermatozoa has recently been cloned and identified as a novel tyrosine kinase receptor and designated the zona receptor kinase (ZRK, Moore etai, 1987b; Burks et al, 1995) . In response to rhuZP3 preparations produced in our group, this ZRK has been shown to undergo rapid tyrosine phosphorylation (Brewis et al, 1995a) concomitant with the development of the AR. The AR can be inhibited with a monoclonal antibody that recognizes the ZRK . Other than this the exact molecular interactions between human zona protein and sperm protein(s) remain unclear.
In rodents the oligosaccharide component of ZP3 is crucial for sperm-zona binding and induction of the AR in a speciesspecific manner (Florman and Wassarman, 1985; Wassarman, 1990) . Moreover, in our laboratory, non-glycosylated rhuZP3 produced in Escherichia coli exhibits a poor ability to induce the AR Brewis et al, 1995b) . Although transfected CHO cells express a glycosylated protein it would seem unlikely that exactly the same sugar side-chains would be present on rhuZP3 as on native zona protein. This begs the question as to how specific the oligosaccharide component on human ZP3 needs to be for induction of the AR and whether soluble and polymerized ZP3 preparations are different in this respect? This clearly warrants further investigation.
In summary, it can be concluded that the rhuZP3 used in this study is an agonist of the human sperm AR and that this is preceded by a transient peak in [Ca 2+ ]j followed by a sustained value of calcium higher than basal values. These results confirm the biological efficacy of rhuZP3 preparations and suggest they may be used as a source of biologically active ZP3 instead of native human zonae. This will allow the molecular events involved in the interaction between human spermatozoa and zona proteins to be investigated more easily in the future.
